Bombus terrestris is widely used as an agricultural pollinator in many countries, including Japan. In some of these countries, B. terrestris has become naturalized, and the risks of such invasions are a concern for the conservation of native ecosystems. In Japan, invasions of B. terrestris have occurred in Hokkaido, northern Japan, since 1996, and areas of naturalization are growing. Invasions of B. terrestris in Japan have predominantly occurred in human-modified areas, such as open agricultural areas, which are comparable to the preferred environments of the bumblebees' original distribution ranges. However, current affected areas also include natural habitats such as coastal and alpine grasslands. Important natural vegetation in Hokkaido is now suspected to suffer as a result of B. terrestris invasions, and therefore continuous monitoring is needed.
INTRODUCTION
Bumblebees (Bombus spp., Apidae, Hymenoptera), whose natural range is largely confined to the temperate northern hemisphere, play important roles as commercial pollinators in agricultural production (Velthuis and van Doorn, 2004) . The most commonly reared species is the large European earth bumblebee, Bombus (Bombus) terrestris (Linnaeus, 1758) . This species was originally distributed in continental Europe (from ca. 30°to 60°N) and adjacent islands as well as in part of northern Africa. At least 36 countries have now used B. terrestris for pollination purposes, and naturalization of the species is recorded in some countries (e.g., New Zealand, Tasmania, Chile, and Japan).
Given its ecological characteristics, such as superior competitive abilities and flexibility in adapting to new environments, it is likely that an invasion of B. terrestris, especially its breeding strains (Ings et al., 2006) , would strongly impact indigenous ecosystems. Invasions of B. terrestris in Japan are particularly important when considering the impact on native ecosystems because native bumblebee species and bumblebee-pollinated plants are abundant. Indeed, ecological impacts of B. terrestris on native bumblebee populations and bumblebee-pollinated plants have been reported within invaded regions of Japan (e.g., Dohzono et al., 2008; Inoue et al., 2008; Kondo et al., 2008) . Investigations on the current invasion status of B. terrestris and its relationships with environmental factors are needed to provide primary information for the evaluation of potential future ecological risks. In this review, we begin by providing a brief overview of instances of introductions of non-native bumblebees in countries other than Japan. We then review the history and present status of B. terrestris invasions in northern Japan. Invasions of B. terrestris are ongoing throughout Hokkaido. Thus, information is needed regarding factors that may limit the distribution of B. terrestris to predict further range expansion of the species. By examining the recent trends in regard to invaded areas, we provide primary information on the potential future extension of invasion ranges.
Introduction of non-native bumblebees
Bumblebees have been introduced to various countries to enhance crop pollination. Bombus terrestris is naturally distributed in the northern territories of Israel (Dafni, 1998) , and its range had expanded southward to Mt. Carmel by 1978 (Dafni and Shmida, 1996) . Four Bombus species that are native to the UK, including B. terrestris, were introduced into New Zealand in 1985 and 1906 to improve pollination of the red clover Trifolium pratensis L. and have established there (MacFarlane and Gurr, 1995) . These introductions resulted in the eventual spread of B. terrestris over much of New Zealand at a rate of 90 km per year (MacFarlane and Gurr, 1995; Stout and Goulson, 2000; Goulson and Hanley, 2004) . B. terrestris arrived in Horbart, Tasmania, in 1992 (Semmens et al., 1993) , perhaps via accidental transportation in cargo, and has since spread to occupy a substantial portion of the island, spreading at approximately 12.5 km per year (Buttermore, 1997; Stout and Goulson, 2000; Hingston et al., 2002) . The established population of B. terrestris likely originated from a single, inseminated queen (Buttermore et al., 1998) .
Queens of Bombus (Megabombus) ruderatus (Fabricius, 1775) were brought from New Zealand to Chile in 1982 and 1983, again for pollination of red clover (Arretz and MacFarlane, 1986) . This species has since established in Chile and had spread to Argentina by 1994 (Abrahamovich et al., 2001) . Imports of B. terrestris to Chile from Europe and West Asia for tomato pollination began in 1998 (Ruz and Herrera, 2001) , and currently the introduced bumblebees appear to be one of the most common flower visitors in some parts of Chile (M. Kato, personal communication) .
The establishment of feral populations of introduced bumblebees in other regions is unknown, although B. terrestris is now used in many countries for agricultural purposes. Extensive surveys are urgently needed to confirm the present situation.
Introduction of B. terrestris to Japan
Bombus terrestris has been introduced to Japan since 1991 as an effective pollinating insect for greenhouse crops (e.g., tomato, eggplant, melon, etc.). Currently, approximately 70,000 colonies per year are in use in Japan (Kunitake and Goka, 2006) . The possibility of naturalization of the species was suggested at the beginning of these introductions (Kato, 1993; Washitani and Morimoto, 1993) . So far, records of observations or collections of B. terrestris in the wild have been made in 27 prefectures (Matsumura et al., 2004) . Confirmed establishment of wild populations has, however, only been reported in Hokkaido, the northernmost island of the four main islands in Japan. In the following sections, we provide an overview of the history and present status of B. terrestris invasion in Hokkaido.
The first evidence of naturalization occurred when a colony of the species was found in 1996 in the Hidaka district, southern Hokkaido, which is close to a main area of introduction of B. terrestris (Washitani, 1998) . Continuous monitoring at that location has since revealed a steady increase in the number of queens emerging from winter hibernation, as well as workers and males in summer seasons each year (Japanese Society of Conservation Ecology, 1997 Ecology, , 2003 Matsumura and Washitani, 2002; Matsumura et al., 2004) . Similar situations were also observed in other mass infestation regions with large productions of greenhouse tomatoes, namely the Kamikawa region (Asahikawa and its adjacent areas), Ishikari lowland region (Chitose, Eniwa, and surrounding areas), and Oshima region (Hokuto and neighboring areas) (Inari et al., 2005; Yokoyama and Nakajima, 2005 ; J. Yokoyama, personal observations; Fig. 1 ). In these areas, B. terrestris has been escaping from greenhouses with systems of rough containment over several years, and this continuous release is responsible for the naturalization of the species.
Introduction efforts, i.e., the number of individuals intentionally released into a new region, do not always play an important role in the naturalization of the invasive species. For example, in the Okhotsk coastal region in North-Eastern Hokkaido, despite a fairly low introduction effort, during which a small number of B. terrestris colonies were used in a short time, B. terrestris have been expanding each year since the first record of a wild individual in 2002 (Kawahara, 2004; Yokoyama and Nakajima, 2005) . By 2007, the species was recorded in all municipalities facing the Okhotsk sea, with the exception of Hamatonbetsu (Yamaga and Kida, 2005 ; Laboratory of Conservation Ecology, The University of Tokyo, 2008; S. Kawahara, Y. Yamaga, K. Kida and T. Yanagiya, personal communication, J. Yokoyama, personal observations). Expansion of the distribution range has proceeded inland from coastal areas (Yamaga, 2006 (Yamaga, , 2007 Nukatsuka and Yokoyama, in press) , and now the Okhotsk coastal region has become the one of the most populous areas of naturalized B. terrestris in Hokkaido.
By contrast, a region near Niki and Yoichi shows a different pattern than the Okhotsk coastal region. The Niki and Yoichi region is one of the major production areas of greenhouse tomatoes in Hokkaido, and many B. terrestris colonies are in use there. The natural distribution range of B. terrestris tends to consist of relatively open habitats, rather than forested environments, and the species also appears to prefer habitats that have been disturbed by human activities, such as agricultural land or gardens (Prys-Jones and Corbet, 1991; Svensson et al., 2000; Goulson et al., 2006) . Similar habitat preferences are also observed in naturalized regions in Japan (Nagamitsu et al., 2007; Ishii et al., 2008; Kadoya et al., 2009; Nukatsuka and Yokoyama, in press ). The landscape of the Okhotsk coastal region mainly consists of dairy meadows and coastal grasslands, and these open habitats may promote B. terrestris expansion. Conversely, the relative narrow cultivated areas surrounded by woodlands in the Niki and Yoichi regions may prevent inhabitation by B. terrestris. The factors limiting the distribution range of B. terrestris are complex. For example, the Japan Sea side of Hokkaido, which is characterized by vegetation similar to the Okhotsk coastal region, exhibits fewer naturalized B. terrestris (Laboratory of Conservation Ecology, The University of Tokyo, 2008; J. Yokoyama, personal observations). Climate factors may contribute to the difference between the Japan Sea side and Okhotsk coastal region in Hokkaido. These observations suggest that various environmental factors play important roles in B. terrestris establishment.
Invasion risk of B. terrestris in natural vegetation
Although the Japanese Invasive Alien Species Act (http://www.env.go.jp/en/nature/as/040427.pdf) has prohibited the release of B. terrestris into the wild since March 2007, the distribution range of B. terrestris has been expanding, and it has become a dominant species in the bumblebee fauna of many regions in Hokkaido. Bombus terrestris has been recorded predominantly in urban and agricultural areas, and this tendency is expected to continue, given the similarities of this region to the preferred natural habitat of B. terrestris. Kadoya et al. (2009) predicted the potential distribution range of B. terrestris based on a large dataset gathered by volunteers and revealed high probabilities of expansion to less forested areas. They also found no significant correlation between the number of introduced colonies for agricultural use and the probability of the potential distribution of B. terrestris, suggesting that feral populations play a major role in range expansion in the wild. In addition, B. terrestris has also been found in natural landscapes, such as Daisetsu National Park in central Hokkaido (Konno, 2008 ; K. Terashima, K. Toba, S. Kadoya, personal communication) and Notsuke-Furen Prefectural Natural Park in eastern Hokkaido.
In Hokkaido, there are two characteristic types of natural vegetation that offer open habitats: coastal grassland and alpine grassland. Grasslands extending along the coast are particularly common in eastern and northern Hokkaido. The coastal grasslands offer a rich variety of herbaceous plants, with many species that are endemic to northern maritime regions (Takamizawa, 2005; Notsuke Peninsula Nature Center, 2007) . Bombus terrestris has been observed in coastal grasslands since 2006, and the number of individuals relative to native bumblebees has increased.
Invasions of B. terrestris in the Nemuro and Notsuke peninsulas are of particular concern (Inoue et al., , 2009 Yokoyama et al., 2007 ; Fig. 1 ). These two peninsulas comprise the restricted distribution ranges of a rare native species, B. florilegus Panfilov (Sakagami and Ishikawa, 1969; Nakatani, 1999) , which has declined considerably in recent years (Nakatani, 1999; Matsuura, 2004) . Genetic analyses also indicated a high risk of extinction of the species in the wild (Takahashi et al., 2008 Fig. 1 ). Although there is no clear evidence of newly founded B. terrestris colonies in these alpine grasslands, B. terrestris would likely be able to establish in the natural vegetation of these regions. In addition, lowland populations of B. terrestris continue to expand. Therefore, the invasive potential of B. terrestris into alpine grasslands is increasing, warranting continuous monitoring of these populations.
In addition to the examples described above, more recently, invasions of B. terrestris were reported from the Shiretoko Peninsula, a region that was added to the World Heritage List in 2005. In the Cape Shiretoko, a portion of the core area of the Shiretoko heritage, the vegetation is now strongly affected by grazing of the Ezo deer (Cervus nippon yezoensis Heude, 1884) as well as the invasion of an alien plant, Cirsium vulgare Tenore (Kaji, 2006) . Bombus terrestris was reported in Cape Shiretoko in 2008, and the future trends of the species in this area are a concern (Ministry of the Environment, 2008).
CONCLUSION
In contrast to New Zealand and Tasmania, invasions of B. terrestris are occurring in Japan, where natural bumblebee species are abundant. The case of B. terrestris in Japan also shows that when an alien species exhibits strong competitive abilities, an invasion could proceed despite the presence of a native species occupying a similar ecological niche. Thus, the potential impacts of such invasions on natural bumblebee communities and bumblebee-pollinated plants are of concern (Dohzono et al., 2008; Inoue et al., 2008; Dohzono and Yokoyama, 2010, in this issue; Inoue and Yokoyama, 2010, in this issue) . Furthermore, environments similar to Hokkaido are found in the northern regions and central highlands of Honshu. So far, there are no reports of naturalization of B. terrestris in these regions, but the possibility cannot be ignored, especially in northern Honshu, which is close to Hokkaido. Thus, extensive and continuous surveying in naturalization areas of B. terrestris is required.
Invasions of B. terrestris into natural vegetations are likely to increase, as will the associated ecological risks to other organisms, particularly indigenous bumblebees and bumblebee-pollinated flowers. Japan was recently listed as a biodiversity "hot spot" because it is inhabited by numerous endemic species; approximately 35% of plant species and about a half of species/subspecies of bumblebees found in Japan are endemic. However, approximately 80% of the natural vegetation has been destroyed by human activities (Conservation International, http://www.conservation.org/Pages/default. aspx). The invasion of B. terrestris poses an additional threat to the conservation of natural environments in Japan. Therefore, extensive monitoring in natural environments should be conducted.
